ABSTRACT The carboxylic ionophores monensin and nigericin, at concentrations higher than 10 and 6 auM, respectively, prevent the penetration of the Semliki Forest virus (SFV) genome into the cytosol ofbaby hamster kidney (BHK-21) cells and thereby inhibit viral replication. In the absence of inhibitors, the entry of SFV is known to proceed by adsorptive endocytosis in coated vesicles, followed by acid-triggered membrane fusion in intracellular vacuoles or lysosomes. The results show that binding of the virus to the cell surface, adsorptive endocytosis, and intracellular transport of viruses to the lysosomes are only marginally affected by the ionophores. No direct virucidal effect is observed, nor is the membrane fusion activity of the virus at low pH directly affected. Sequential addition of monensin and ammonium chloride (a nonrelated lysosomotropic inhibitor of SFV entry) indicates that both inhibitors affect the same step in the entry pathway. On the basis of these data and the known effects of carboxylic ionophores and lysosomotropic weak bases on cellular pH gradients, we conclude that monensin inhibits penetration by increasing the pH in endocytic vacuoles and lysosomes above pH 6, which is the pH threshold for the viral membrane fusion activity.
Monensin and nigericin are carboxylic ionophores that intercalate into membranes and abolish proton gradients by electroneutral transmembrane exchange of protons for monovalent cations (1) . When added to cells, monensin causes a variety of effects depending on cell-type, concentration, and time of incubation. These include inhibition of protein secretion, the transport of plasma membrane glycoproteins to the cell surface (2) (3) (4) , serum low density lipoprotein uptake and degradation (5) , membrane protein recycling (5, 6) , and fluid-phase endocytosis (6) . It has also been shown that monensin blocks the entry of vesicular stomatitis virus and diphtheria toxin into tissue culture cells (7, 8) .
In this study we have examined the effects of monensin and nigericin on the entry of Semliki Forest virus (SFV) into baby hamster kidney (BHK-21) cells. This simple enveloped virus is internalized by an endocytic pathway that involves coated pits, coated vesicles, endosomes, and secondary lysosomes (9, 10) . Penetration of the viral genome into the cytosol occurs when the virus reaches an organelle with a pH < 6. The mildly acidic pH induces a potent membrane fusion activity in the virus that results in a fusion reaction between the viral membrane and the vacuolar membrane (11, 12) . The nucleocapsids are thereby transferred into the cytoplasmic compartment. Nonfused viruses and viral membrane proteins are subsequently degraded in the lysosomes (10) .
Our results indicate that the principal effect ofmonensin (and possibly nigericin, for which our data is less complete) during virus entry is to inhibit the penetration ofthe viral nucleocapsid from the intracellular vacuoles into the cytosol.
MATERIALS AND METHODS Cells, Virus, and Inhibitors. BHK-21 cells were grown in Glasgow minimum essential medium as described (9) . A prototype strain of SFV, [3S] methionine-labeled SFV (35S-SFV), and [32P]orthophosphate-labeled SFV (32P-SFV) were propagated in BHK-21 cells (13, 14) . The 32P-SFV had 50% of the radioactivity in the RNA and 50% in the phospholipid. Monensin and nigericin were purchased from Calbiochem. Viral infection was assayed by incorporation of [3H]uridine into acidprecipitable viral RNA as described (15) .
Binding, Endocytosis, and Degradation. Binding, endocytosis, and degradation of 3S-SFV was determined as described (10) . Proteinase K digestion was used to distinguish between surface-bound and internalized viruses (10) .
Cell Fractionation. BHK-21 cells were fractionated by freeflow electrophoresis as described (16) . Briefly, after incubation with 32P-SFV for 1.5 hr at 370C, the cells were harvested by scraping in phosphate-buffered saline and washed twice in lysis buffer (0.25 M sucrose/10 mM triethanolamine/10 mM acetic acid/i mM EDTA, pH 7.4). The cells were lysed on ice by 20 passes through a 10-ml glass pipette. Intact cells (30%), nuclei, and aggregates were removed by three successive 10-min centrifugations at 750, 850, and 950 X g, and the lysate was passed through one layer of prewashed filter paper (Schleicher and Schuell, no. 589/3). The filtrate was incubated with L-(tosylamido-2-phenyl)ethyl chloromethyl ketone-treated trypsin (10 ,ug ml'1; Worthington) for 3 min at 370C before addition ofsoybean trypsin inhibitor (20 -,g ml-'; Sigma). The lysates were fractionated by free-flow electrophoresis, and the fractions were assayed for organelle enzyme markers as described (16) and for radioactivity.
Microscopy. For electron microscopy of thin sections, the cells were fixed by using 2.5% glutaraldehyde in 0.05 M cacodylate buffer (pH 7.2). Dehydration, sectioning, and staining were performed as described (9) . 
RESULTS
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The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. but virus maturation is inhibited because the spike glycoproteins are not transported to the cell surface (17, 18 (15, 19) . We found that, in addition to the effect on virus maturation (17, 18) (Fig. 1) . With 1.0 AM monensin, the incorporation of[3H]uridine was not inhibited but reproducibly exceeded that observed in untreated control cells (Fig. 1 ). This increase in labeling of viral RNA in the presence of low monensin concentrations was consistent with a block in virus maturation (17) that, both in control cells and in treated (10 ,M monensin or 3 ,M nigericin) cells, the viral antigens were almost totally cleared from the cell surfaces within 1 hr and were relocated into intracellular vacuoles (not shown).
Transmission electron microscopy of thin sections also indicated that normal uptake occurred in the presence of 20 ,M monensin or 3 AM nigericin. Viruses were seen in coated pits, coated vesicles, and in large (500 Am) and small uncoated (150-200 ,m) cytoplasmic vacuoles (Fig. 2) . The vacuoles, some containing only a few virus particles and others packed with many viruses, were similar in control cells and in monensin-and nigericin-treated cells.
The quantitative studies with 35S-SFV at low (15 rate ofuptake ofthe prebound viruses upon warming was lower by 20% (at low moi; see Fig. 3 ) to 35% (at high moi). The unbound viruses were washed away, and the cells were warmed to 370C in binding medium (with or without monensin). At given time points, the cells were assayed for total cell-associated activity and for proteinase K-resistant activity, and the medium was assayed for degraded activity as described. o, Total cell-associated activity, including degraded (medium trichloroacetic acid soluble) activity; e, total internalized activity (i.e., proteinase K-resistant plus degraded activity); A, degraded activity.
Cell Biology: Marsh et al. 41 phenyl-2H-tetrazolium chloride (INT) oxidoreductase (EC 1.3.99.1)], endoplasmic reticulum (NADPH-cytochrome c reductase), plasmalemma (Na+K+-ATPase), and Golgi (UDPgalactose-glycoprotein galactosyltransferase) (16) . With a BHK-21 cell lysate, a similar separation was observed, (Fig. 4 Upper). The fractions containing lysosomes showed 22-fold enrichment off3-N-acetylglucosaminidase over the initial lysate and in excess of 90% latency of this enzyme. Thin-section electron microscopy of a pellet derived from the lysosomal fractions showed a relatively homogeneous population of secondary lysosomes.
Analysis of the 32p activity associated with the fractions indicated that =30% of the viral activity cofractionated with the lysosomes in. monensin-treated cells (Fig. 4) , NH4CI-treated cells, and control cells. The results suggest that monensin and NH4Cl do not prevent virus transport into lysosomes; however, we have no reliable markers for endosomes that may contaminate the lysosomal fractions. Whether the viral 32P activity that is not in the lysosomal fraction is associated with endosomes remains to be determined.
Relationship with NH4Cl-Induced Inhibition. Lysosomotropic weak bases, such as NH4Cl, inhibit SFV infection by elevating the pH in intracellular vacuoles to values higher than that needed to trigger the fusion reaction (15, 21, 22) . To test whether inhibition by monensin and NH4Cl occur at the same stage of virus entry, we adopted a strategy used by Marnell et al. to study diphtheria toxin penetration (8) . These experiments rely on the reversibility of both inhibitors and on the assumption that they affect single steps in the pathway. If inhibitor I acts prior to inhibitor II, incubation of cells and viruses with I and subsequently with II should not lead to infection; however, incubation in the reverse order should permit infection. If I and II affect the same step, no infection should occur regardless of the order in which the inhibitors are applied. (16), and for 32P activity (0). Of the initial cell-associated 32P activity, 64% remained for fractionation; of this, 79% was recovered. For cell protein, 50% was fractionated and 74% was recovered; for succinate:INT oxidoreductase, 52% was fractionated and 80% was recovered; and for (-N-acetylglucosaminidase, 67% was fractionated and 99% was recovered. These results are quite similar to those of Marnell et al. (8) , who have studied the inhibition of diphtheria toxin entry by monensin. The toxin enters cells by endocytosis, followed by a low pH-dependent penetration of the toxic A subunit that can be blocked both by monensin and lysosomotropic weak bases (8, 23, 24) . Monensin also has been shown to inhibit infection by vesicular stomatitis virus into Swiss 3T3 mouse cells (7) . This enveloped virus infects cells by a mechanism similar to SFV (25) , and its entry is sensitive to lysosomotropic weak bases (25) (26) (27) . However, Schlegel et al. (7) attribute the primary inhibition of entry to a decreased rate of virus endocytosis. We also observe a decrease in endocytosis, but the effect is not large enough to account for the comparatively high inhibition of SFVinfection. Whether a true difference in the action of monensin exists between the two virus systems is not clear. However, it is evident that carboxylic ionophores, depending on dosage, time of action, and conditions, may affect a variety of cellular functions (2) (3) (4) (5) (6) and, although our results show that the main effect on SFV entry occurs at the level of penetration, other effects may indeed contribute to the overall levels ofinhibition.
One of the most striking effects of monensin is the almost complete inhibition of degradation ofvirus proteins in the cell. Inhibition of degradation of low density lipoprotein in monensin-treated cells has been shown by Basu et aL (5) . Two possible explanations could account for this effect-either the lysosomal hydrolases are inhibited by the drug or the delivery ofvirus into the lysosomal compartment is impaired. The fact that similar amounts of viral radioactivity were found in the lysosomal peak after cell fractionation of monensin-treated, ammonium chloride-treated, and control cells suggests that delivery to lysosomes is not impaired. However, these conclusions must remain somewhat tentative, as we do not yet know the endosomal contamination of our lysosome fractions.
It is interesting that 70% of the intracellular viruses are not in lysosomes at 90 min. We have assumed in our previous studies that the acid vacuoles from which penetration occurs are secondary lysosomes. However, our kinetic results suggest that the viruses enter a low pH compartment as early as 2-4 min after leaving the cell surface (9, 28) . Thus, the initial acid encounter and the resulting membrane fusion reaction appear to take place very early and may involve prelysosomal vacuoles (endosomes). In fact, the viruses that enter the secondary lysosomes may represent particles that have failed to fuse in the endosomes. The relationship between endosomes and lysosomes in the process of virus entry and endocytosis in general presents an intriguing problem. Carboxylic ionophores may provide a useful tool in the detailed dissection of the pathway.
